opments in the field. Summary: In this paper, we will review the impact of fluid overload on patient outcomes, define the fluid challenge, describe the differences in static and dynamic estimates of fluid responsiveness, and review the effect of different types of fluid on patient outcome. Key Message: Avoiding fluid overload by choosing the appropriate amount of fluids in patients who are fluid-responsive on one hand, and treating IVF like other medications, on the other hand, are the major changes. Whenever clinicians decide to prescribe IVF, they need to weigh the risks and benefits of giving fluid and also the advantages and side effects of each fluid type in order to optimize patient outcomes.
during shock state resuscitation. Despite significant advances made in the resuscitation of critically ill patients, the optimal dose and type of IVF to be used during resuscitation remain undetermined. This has resulted in significant variability in global resuscitation practices and, therefore, has impacted the outcomes of such interventions.
The optimal IVF dose is not yet defined. The Surviving Sepsis Campaign [1] recommended an initial dose of 30 ml/kg body weight for patients who are in septic shock. In addition, the authors suggested the goals of such resuscitation to be a central venous pressure (CVP) of 8-12 mm Hg, a mean arterial pressure of ≥ 65 mm Hg, a urine output of ≥ 0.5 ml/kg/h, a central venous (superior vena cava) or mixed venous oxygen saturation of 70 or 65%, respectively, or a normalization of serum lactate. In the most optimistic view, the role of these aforementioned targets of IVF resuscitation is disputed in the literature, if not negated. The static measures of fluid responsiveness have proven to be inaccurate, resulting in significant volume overload and its related adverse effects [2] [3] [4] [5] . On the other hand, the dynamic tests of fluid responsiveness are limited to a subgroup of patients who are mechanically ventilated and have no respiratory effort.
In the first section of this review, we describe the current state of knowledge regarding available measures for evaluation of volume responsiveness in ICU patients. Apart from appropriate dosing of IVF, the type and composition of IVF have been the focus of recent studies [6] . A choice between colloids and crystalloids and the different impact of chloride-rich versus balanced solutions can affect not only the amount of fluid needed to achieve the goals of fluid therapy but can also influence the outcomes of patients under resuscitation. In the second section of this review paper, we describe the differences between fluid types and the newest developments in the field.
Fluid Overload
Although fluid overload is traditionally defined as an increase in admission weight by 10%, some authors characterize it in accordance with documentation of suggestive clinical signs and symptoms, including the development of new pitting edema, crackles, or anasarca as compared with admission [1, 2, 7] . Regardless of the definition of fluid overload used, many studies report its significant association with higher mortality and morbidity among ICU patients. Boyd et al. [8] showed, among a large cohort of septic shock patients who required vasopressors, that greater positive fluid balance 12 h and 4 days after resuscitation was associated with higher mortality. They also reported a direct relationship between CVP within the first 12 h and mortality, wherein individuals with a CVP >12 mm Hg experienced the highest mortality. In another large observational cohort study, Vaara et al. [6] demonstrated a significantly higher 90-day mortality rate among patients who became volume-overloaded prior to the initiation of renal replacement therapy (RRT). Kelm et al. [7] described a large single-center cohort of patients with severe sepsis and septic shock who underwent early goal-directed therapy. They defined volume overload based on the clinical criteria and found a significantly higher hospital mortality rate and the need for fluid-related interventions, such as paracentesis and use of diuretic agents, among those with fluid overload.
As the result of such emerging data, the Acute Dialysis Quality Initiative (ADQI) XII was focused on IVF dosing and fluid overload. The ADQI XII investigators reiterated four main stages during volume resuscitation, initially proposed by Vincent and colleagues [9, 10] : rescue, optimization, stabilization, and de-escalation ( fig. 1 ). During the first stage (rescue), the main focus is on the appropriate use of IVF to improve perfusion deficits. During the optimization and stabilization stages, the main focus is on maintaining appropriate perfusion while avoiding further volume overload. Finally, the last stage (de-escalation) is concentrated on removal of the fluids that were used during resuscitation. 
Determination of Fluid Responsiveness
Fluid responsiveness is an increasingly accepted concept in the management of critically ill patients with hypotension. Although there is no consensus definition of fluid responsiveness, some authors defined it as an increase in the cardiac output or stroke volume following a preload challenge [5] . Preload challenge could be accomplished by both fluid challenge and/or passive leg raising.
It is crucial to distinguish the differences between fluid challenge and fluid bolus. As per the ADQI XII, the fluid bolus is a therapeutic intervention and entails the rapid infusion of at least 500 ml over a maximum of 15 min to correct hypotensive shock [10] , while the fluid challenge is used as a diagnostic tool and is defined as a rapid infusion of 500-1,000 ml of crystalloids or 300-500 ml of colloids over 30 min to provide information regarding the impact of fluids in the optimization of tissue perfusion [1, 11] . During the fluid challenge, apart from the type of fluid (colloid vs. crystalloid) and the rate of infusion, the goals and safety limits need to be determined. The aim of the fluid challenge is generally to correct the oxygen supply-demand mismatch and hypoperfusion state and to improve the signs and symptoms of shock. The safety limits include recognition of signs and symptoms of volume overload, pulmonary edema, hypoxemia and heart failure.
Although fluid challenges are commonly used to evaluate preload responsiveness, their performance as a test is contested in the literature. In a systematic analysis of the literature, Michard et al. reported that only 52% of the 406 episodes of fluid challenges in 334 patients were able to increase cardiac output or stroke volume [12] . These data potentially indicate that in 48% of the patients the fluid challenge not only did not provide benefit but that it added the burden of its related volume overload.
Static Measures of Fluid Responsiveness
Two of the most commonly used measures of fluid responsiveness have been CVP and pulmonary artery occlusion pressure (cardiac filling pressures) as surrogates for the right and left ventricular end-diastolic volume (preload), respectively. Following the description of the Frank-Starling curve in 1914 in an isolated heart-lung canine model for investigation of cardiac output, CVPs have been investigated and used as a measure of preload [13] . Therefore, it was assumed that any increase in CVP, as an independent variable (x-axis in the Frank-Starling curve), could be associated with a rise in cardiac output [4] .
During recent decades, the utility of the pressures in the central venous system and in the systemic and pulmonary vasculature in the prediction of fluid responsiveness have been challenged. The first important point is that using pressure measures to estimate intraventricular volumes assumes that there is a linear relationship between pressure and volume while, indeed, this relationship is curvilinear [3] . Therefore, the rate at which CVPs rise in response to additional volume, rather that the absolute measure, should be considered as an important determinant of preload. In addition, factors like poor ventricular compliance due to the long-term effects of systemic or pulmonary hypertension, restrictive ventricular diseases, constrictive pericardial physiology, and valvular malfunctions all can distort the pressure-volume relationship and thus impact the performance of central pressures in fluid responsiveness prediction. The second prominent issue is that each patient has different myocardial contractility and therefore has an individualized Frank-Starling curve shape and steepness. Patients who suffer from heart failure only have limited increase in their cardiac output in comparison with normal individuals when they have comparable cardiac filling pressure and are given a similar amount of fluid.
These physiologic considerations further translated into several studies to investigate the use of cardiac filling pressure among those who are being resuscitated. More than 30 years ago, Shippy et al. reported a poor correlation between CVP and blood volume changes during resuscitation of patients with hypovolemic shock [14] . Marik et al. [5] in a recent systematic analysis found no relationship between cardiac filling pressure (particularly CVP) and fluid responsiveness (the area under the receiver operating characteristic curve was 0.56) among ICU and operation room patients. They recommended to completely abandon this practice.
Dynamic Measures of Fluid Responsiveness
The poor performance of static measures of fluid responsiveness created the need for the development of other means to appreciate fluid responsiveness. Further investigations showed that among patients who are mechanically ventilated, heart-lung interactions could provide an opportunity for evaluation of fluid responsiveness. When both ventricles are fluid-responsive, during mechanical ventilation the stroke volume changes with each breath, and its extent depends on the degree of fluid responsiveness. In patients who do not have any internal respiratory drive and are on mechanical ventilation, intrathoracic pressure is theoretically determined by the ventilator. During positive pressure inspiration, an increase in intrathoracic pressure results in decreased preload and, therefore, stroke volume. On the contrary, during expiration, a rapid decline in intrathoracic pressure is associated with an increase in venous return, preload, and stroke volume. These dynamic changes in stroke volume in response to the respiratory cycle could be used for determination of fluid responsiveness. In patients who are fluid-responsive, variation in right and left stroke volume during the respiratory cycle is correlated with changes in pulse pressure. Thus, significant variability of pulse pressure during the respiratory cycle has been validated for prediction of fluid responsiveness [15, 16] . Other indicators of stroke volume variabilities during mechanical ventilation, including esophageal Doppler for aortic blood flow measurement (as a surrogate for stroke volume), inferior vena cava collapsibility index and others have been tested and validated to predict fluid responsiveness [17, 18] . There are also some caveats to the use of the heartlung relationship in the prediction of fluid responsiveness. To be able to use such a relationship, patients need to have no respiratory effort while on the mechanical ventilator. In addition, the tidal volume for the course of the test should be set at 8-10 ml/kg. Extremely limited lung compliance, beat-to-beat pulse pressure variability due to arrhythmias, right ventricular failure, and open chest wound restrict the value of these tests.
Each individual stores approximately 300 ml of whole blood in the lower extremities. Using passive leg raising would allow a rapid increase in preload without adding to the total body volume. It has been suggested that changes in stroke volume following passive leg raising could predict volume responsiveness [18] .
Fluid Types
Two primary types of resuscitation fluid exist for critically ill patients: colloids and crystalloids. Patient-specific factors, geographic and institutional predilections, cost and access each serve as determinants of the type of fluid selected for a given scenario. In 2010, an international point-prevalence survey in 391 ICUs found that 48% of resuscitation episodes were treated with colloids, another 33% with crystalloids, and the remaining with blood products. After adjustment for patient and prescriber characteristics, regional variations significantly influenced fluid choice. Within the colloid-based treatment regimens, although starches were the most commonly used overall, particularly in Canada, Western European countries, and New Zealand, there was a marked international variability, with albumin being the main agent in the United States and gelatin in Hong Kong [19] . Notably, this epidemiologic work predates many of the significant high-quality clinical trials recently published on the topic. Future evaluations may identify a shift in prescribing behavior based on these findings.
Colloids
Colloids consist of a class of high-molecular-weight compounds suspended in a carrier vehicle that, under normal physiologic conditions, remain in the intravascular space, confer oncotic pressure, and provide plasma expansion [20] . Albumin and starches are the most commonly used colloids in practice due to their duration of action and tolerability, but gelatins and dextrans also remain available [5] . In each of these cases, the oncotic gradient is thought to draw interstitial fluid into the intravascular space, therein increasing the efficiency of volume expansion relative to a comparable amount of crystalloid. Yet despite this theoretical benefit, randomized controlled trials of all-comers with critical illness requiring resuscitation have failed to demonstrate superiority of colloids over crystalloids. Furthermore, the magnitude of the volume-sparing potential of colloids is more limited than originally hypothesized, with a ratio of approximately 1 liter of colloid to at most 1.5 liters of crystalloid in high-quality clinical trials [21] [22] [23] .
Human albumin, a natural colloid, is the most widely studied of these agents for the resuscitation of critically ill patients. Albumin is synthesized endogenously by the liver and is responsible for up to 80% of intravascular colloid oncotic pressure. In addition to the potential for an oncotic gradient favoring plasma expansion, laboratory and preclinical models have found that endogenous albumin exhibits antioxidant effects, scavenges free radicals, serves as a critical transport protein for many molecules and medications, and may modulate inflammatory response [24] . It is unclear whether the administration of exogenous commercially available iso-oncotic (4-5%) or hyper-oncotic (20-25%) albumin preparations comparably affects these non-colligative processes and whether this translates into improvements in clinical outcomes. Furthermore, as this is a product derived from pooled human plasma, it is a limited resource and is associated with considerable expense compared to other colloids and crystalloids. In 1998, the Cochrane Injuries Group Albumin Reviewers [25] conducted a meta-analysis of albumin use in critically ill patients, which surprisingly demonstrated heightened mortality in patients administered albumin compared to those who received no albumin or crystalloid therapy. These findings were not corroborated by a subsequent analysis [26] and have been questioned due to the heterogeneity of the interventions (iso-oncotic albumin for resuscitation versus hyper-oncotic albumin for supplementation), disparate patient populations, and the small sample sizes of the included trials. At a minimum, the meta-analysis failed to demonstrate the superiority of albumin-based resuscitation and heralded a need for large-scale research in this area. The 2004 Saline versus Albumin Fluid Evaluation (SAFE) trial filled this void as a 6,997-patient blinded clinical trial, which compared 4% albumin and 0.9% sodium chloride (NaCl) for ICU resuscitation. No difference existed between groups for the primary endpoint of 28-day all-cause mortality, but in the 492 (7%) patients with traumatic brain injuries, the relative risk of death was greater with albumin compared to saline at 1.62 [95% confidence interval (CI) 1.12-2.34; p = 0.009] [22] . Further, analyses indicated that this detrimental effect was limited to patients with severe traumatic brain injuries, perhaps due to a coagulation defect induced by the colloid [27] .
In contrast to the trauma population in whom crystalloid appears to be the fluid of choice, among individuals with severe sepsis and septic shock in SAFE, the adjusted relative risk of death at 28 days for albumin patients was 0.71 (95% CI 0.52-0.97), which indicated a protective pattern [22] . Importantly, this finding was derived from an underpowered subgroup analysis, but some have surmised that the results reflect, at least in part, the immune and inflammatory benefits of albumin in this population. However, when Caironi et al. [28] explored this effect in the ALBIOS trial through daily 20% albumin supplementation for patients with severe sepsis and septic shock, they found no improvement in mortality, length of stay or degree of organ dysfunction with albumin supplementation. No evidence of harm existed with the albuminbased resuscitation or supplementation, but given its cost and the lack of convincing, reproducible benefit seen in high-quality clinical trials and meta-analyses [29] [30] [31] [32] , the Surviving Sepsis Campaign [1] recommends restricting its use to individuals who have received a 'substantial amount of crystalloid'.
Starches are a group of semisynthetic colloids prepared by hydroxyethylation of amylopectin from sorghum, corn, or potatoes. These products may be iso-oncotic (6%) or hyper-oncotic (10%) and are classified based on two main properties, their molecular weight (70-670 kD), and the degree of molar substitution or, in other words, the number of hydroxyethyl groups per glucose monomer (0.4-0.7) [5, 20] . First-and second-generation starches used higher molecular weights and greater molar substitution (0.5-0.7), which resulted in a lengthened duration of intravascular volume expansion [5] . Unfortunately, with this benefit came an increase in toxicity, and these early starch preparations were found to alter coagulation parameters and accumulate in the skin, liver, and kidneys, which led to pruritus and end-organ dysfunction, particularly acute kidney injury (AKI) [20] . Thirdgeneration starches, commonly referred to as 'tetrastarches', have lower molecular weights and a reduced degree of substitution (approximately 130 kD and 0.4, respectively), which is thought to induce less toxicity [5] . These modern hydroxyethyl starches (HES) are significantly less expensive and easier to procure than albumin, and for this reason, several recent clinical trials have explored their efficacy and safety for ICU resuscitation compared to crystalloids.
The 2012 Crystalloid versus Hydroxyethyl Starch Trial (CHEST) [23] was the largest blinded clinical trial to date comparing 6% HES (130/0.4) to 0.9% NaCl in a heterogeneous group of nearly 7,000 critically ill adults requiring fluid resuscitation. The authors found no difference in the primary outcome of 90-day all-cause mortality between the colloid and crystalloid groups, although the overall mortality of 17% was somewhat lower than anticipated. Individuals randomized to HES experienced a near doubling in the incidence of treatment-related adverse events, driven primarily by pruritus, skin rash, and a greater need for new initiation of RRT (7% HES vs. 5.8% saline; p = 0.04). In summary, HES yielded no efficacy benefit compared to saline and was associated with a heightened risk of adverse effects, particularly the need for RRT. These findings were reinforced by the multinational, randomized, non-blinded Colloids versus Crystalloids for the Resuscitation of the Critically Ill (CRISTAL) trial [21] , which demonstrated no benefit on the primary outcome of 28-day mortality for colloids versus crystalloids. Although not exclusively a starch versus saline trial, 69% of the individuals in the colloid group received HES and 87% of the crystalloid-treated patients received isotonic NaCl.
The subgroup of ICU patients with severe sepsis and septic shock is of particular interest in the HES literature due to the consistent need for early goal-directed volume resuscitation and an increased baseline risk of AKI 69 from infectious, inflammatory, and hemodynamic causes. Smaller studies have found disparate outcomes with respect to the renal safety of HES in sepsis [3, 14, 16, 33] . Recently, the Scandinavian Starch for Severe Sepsis/Septic Shock (6S) trial [15] sought to clarify the relationship between HES and clinical outcomes in this patient population. This high-quality large clinical trial demonstrated a significant increase in the composite primary endpoint of death or dialysis dependence at 90 days in septic adults randomized to a 6% 130/0.42 HES compared to individuals randomized to Ringer's acetate for fluid resuscitation (51 vs. 43%, respectively; p = 0.03). The composite endpoint was driven by the mortality aspect, as only 1% of the individuals who required any RRT during the follow-up period remained dialysis-dependent at study day 90, but secondary endpoints revealed a significantly greater need for RRT overall in HES patients and fewer days alive without RRT. Notably, a long-term follow-up analysis found that the statistically significant difference in crude and adjusted mortality between groups dissipated at 6 months and 1 year of follow-up [12] .
The results of the recent HES literature have been called into question because of the variability in the time to and duration of HES administration, inconsistencies in the algorithms for fluid use, presence or absence of hemodynamic instability, and inclusion of individuals with baseline renal dysfunction [34] . Regardless of these factors, no convincing evidence exists to suggest the superiority of HES over other fluid resuscitation strategies in hypovolemic critically ill patients, and the most recent iteration of the Surviving Sepsis Campaign [1] specifically recommends against the use of HES for resuscitation in sepsis at this time.
Crystalloids
The use of salt-based fluid resuscitation in critically ill patients dates back to the cholera pandemic of the early 19th century. In the seminal work published in this field in 1832, Dr. Robert Lewins [35] described the successful resuscitation of six cholera patients with a NaCl-and sodium bicarbonate-based solution. In the two centuries that followed this letter, authors published many reports which characterized the relative successes associated with the use of various salt-based solutions for resuscitation [36] . These basic resuscitation solutions only limitedly resemble what we now refer to as 'normal saline', or 0.9% NaCl. This designation as 'normal' is an obvious misnomer in that the solution of 154 mmol/l of sodium and 154 mmol/l of chloride is in no way analogous to the complex composition of the extracellular fluid. Its supraphysiologic chloride concentration (normal value 97-107 mmol/l), low pH, and lack of other essential extracellular ions including potassium, bicarbonate, calcium, magnesium, and phosphorous elicit a differential physiologic effect when compared to resuscitation with more 'balanced' salt solutions, such as lactated Ringer's or Plasma-Lyte ( table 1 ) [36, 37] .
Although the clinical debate about isotonic crystalloids is in its infancy, many physiologic mechanisms explain the potentially detrimental consequences of the routine use of unbalanced, chloride-rich crystalloids in the critically ill. Excess exogenous chloride administra- tion has been shown to induce renal artery vasoconstriction, AKI, hyperchloremic metabolic acidosis, gastrointestinal dysfunction, and the secretion of inflammatory cytokines [37] [38] [39] . A commonly cited concern about the use of balanced salt solutions is the risk for hyperkalemia [40] ; however, comparative evidence has largely invalidated this suspicion and indicated that the metabolic acidosis which ensues after large-volume 0.9% NaCl administration may instead trigger extracellular potassium shifts and consequent hyperkalemia [41] .
The high-quality comparative literature between isotonic crystalloids for fluid resuscitation in the critically ill is thus far limited. Four large observational studies and a single-center quality improvement initiative demonstrated associations between the use of balanced fluids and superior clinical outcomes, specifically a lower incidence of AKI and mortality when compared to isotonic saline [4, [42] [43] [44] [45] . In septic patients, in fact, a dose-response relationship was noted wherein an increasing proportion of balanced fluids administered during resuscitation corresponded to improved survival [43] . This favorable mortality association appears independent of severity of illness and the total volume of fluid administered [4, 11] . Recently the 0.9% Saline vs. Plasma-Lyte 148 for ICU Fluid Therapy (SPLIT) trial was published and is arguably the highest-quality evidence available in this field to date. This cluster randomized blinded trial found no difference in the incidence of AKI, need for RRT, or mortality between patients randomized to saline versus a balanced salt solution. When interpreting these findings it is critical, however, to note that the overall severity of illness was extremely low with the majority of these, being elective surgical cases with few baseline comorbid conditions. The total volume of study fluid given was approximately 2 liters, which would likely be an insufficient volume to observe any renal impact of a chloride-restrictive fluid administration strategy, especially when the overall incidence of AKI was <10% [46] .
Conclusion
Fluid management in critically ill patients has come under the spotlight in recent years. The amount and composition of fluids used in the ICU can directly impact outcomes of patients. Therefore, it is a clinical imperative to treat fluids with the same scrutiny as other medications, i.e. to know their therapeutic and toxic windows to reach the optimal dose, and when deciding the type of fluid to consider the side effect profile of each fluid and to choose them based on their risks and benefits.
